Abstract-Electromagnetic wave absorption inside a human body is investigated. The human body has been modeled using 3D voxel based dataset considering different electrical parameters. At GSM 900 band, Specific Absorption Rate (SAR) induced inside the human body model exposed to a radiating base station antenna (BSA) has been calculated for multiple number of carrier frequencies and input power of 20 W/carrier. Distance (R) of human body from BSA is varied in the range of 0.5 m to 5.0 m. Values of whole-body average SAR obtained by hybrid FDTD method closely match with that obtained by SFDTD method. For number of carrier frequency equal to five and R = 0.5 m, maximum value of whole-body average SAR obtained by both hybrid FDTD and SFDTD method is found to be 0.69 W/kg which decreases either with increase of R or decrease of number of carrier frequencies. Safety distance for general public is found to be 1.5 m for number of carrier frequencies equal to five. Summary of performance comparison shows that hybrid FDTD method is faster and requires less memory than SFDTD method.
INTRODUCTION
Modern mobile telecommunication is based on the cellular system. In a cellular system the covering area is divided into a number of cells. Frequency band allocated to a cellular system for an operator is distributed over a group of cells and this distribution is repeated over the total service area. Each cell is covered by an allocated base station which keeps track of the mobile phones within its range, connects them to the telephone network and handles carry-over to the next base station when a customer is leaving the coverage area [1] . The radii of cells may vary in size according to the desired capacity and geographical area to be covered [2] . But now-a-days, with the introduction of digital mobile phone systems, cell sizes got much smaller and base stations are erected in close of houses, schools etc., in densely populated areas.
When electromagnetic (EM) waves radiated from the transmitting mobile telephone base station antenna (BSA) directly pass through human body, a significant portion of the radiated power is absorbed by the body tissues [3] . Human body is non-homogeneous and anisotropic in nature. Absorption of EM waves at radiofrequency (RF) inside human body creates standing waves, which causes localized hot spots [4] . The energy absorptions due to localized hot spots may result in boils, drying up the fluids around eyes, brain, joints, heart, abdomen, etc.. Higher level of non ionizing radiation may damage DNA of the living tissues [5] [6] [7] . Large number of investigations on the hazardous effects of mobile telephone BSAs are available in the literature but very few of that are available on the effects on wellbeing [8] . The current international safety guidelines or standards have been established for avoiding or limiting the potentially hazardous exposures of human head and other body parts from the adverse biological effects due to RF exposure [9, 10] .
An attempt has been made to estimate Specific Absorption Rate (SAR) and total absorbed power for whole-body, partial-body and localized exposure inside a simple box-shaped phantom placed in close vicinity of a typical representative base station panel antenna [11, 12] . In this study, whole-body average SAR (SAR WB ) induced within the full human body model exposed to a BSA at GSM 900 band for a distance (R) in the range of 0.5 m to 5.0 m between the human body and the BSA has been calculated using Hybrid Finite Difference in Time Domain (Hybrid FDTD) method and compared that with the results obtained by Segmented Finite Difference in Time Domain (SFDTD) method for multiple number of carrier frequencies [13] . To solve large scale problems, both the hybrid FDTD and SFDTD methods are used to reduce the computational requirements and enhances the practicability of running the simulation on a PC. But this study shows that hybrid FDTD method is faster and requires less memory than SFDTD method. Computer code of hybrid FDTD and SFDTD methods have been developed using the MATLAB software [14].
SYSTEM MODEL

Human Body Model
The full human body model has been constructed from voxel based Zubal phantom which is based on CT scan data of a 35 year old physically normal male weighing 70.31 kg and measuring 1.78 m in height [15] . MATLAB program is used to read, resample and reshape the phantom volume data consists of 192 × 96 × 498 voxels, each having dimensions of 3.6 mm × 3.6 mm × 3.6 mm. To simplify the numerical calculations, resolution of the human body is reduced to 75 × 75 × 245 voxels, each of dimensions: 5.0 mm × 5.0 mm × 5.0 mm. Geometry of the human body model along with BSA is shown in Fig. 1 . The human body is comprised of eighty seven types of tissues. Mass density (ρ), relative dielectric constant (ε r ) and conductivity (σ) of different tissues at GSM 900 band are obtained from the literature [16] .
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Full Human Body Figure 1 . Geometry of BSA along with the human body model.
Base Station Antenna Model
The BSA used in the simulation is representative for the "Eurocell Panels" family of BSAs for vertical polarization offered by Kathrein in the frequency range from 870 MHz to 960 MHz. Geometry of the antenna model is reasonably close to that of the K730370 antenna and available in the literature [11, 12] . Transmitted power from BSA is equal to 20 W/carrier.
SFDTD Method
For large problem space, SFDTD method is used which divides the main space into different segments to reduce the computational requirements and enhances the practicability of running the simulation on a PC [13] . For that reason in this study, SFDTD method has been used to carry out the required numerical evaluation of SAR and EM field distributions inside human body model. The actual space is split into three different 3-dimensional segments: antenna segment, intermediate segment and body segment as shown in the Figs. 2(a)-(c). In SFDTD, simulation is performed in the three segments separately and detail of which is described in available literature [17] .
Hybrid FDTD Method
Hybrid FDTD method is developed by combining Friis transmission equation with FDTD method. In this method, EM modelling of the simulating elements is prepared using conventional FDTD method and power calculation of the plane wave source required for the simulation is made by Friis transmission formula [18] :
where, P r = received power (W), P t = transmitted power (W), G t = gain of the transmitting antenna, A er = effective aperture of receiving antenna (m 2 ) and R = distance from the antenna (m). After a distance in the order of tens of wavelengths, the field from most antennas behaves like a plane wave [19] . For that reason the simulation model as shown in Fig. 1 is divided into two sub domains namely domain 1 and 2 as shown in Fig. 3 . Domain 1 is used to compute the characteristics of resultant fictitious plane wave source. This plane wave source is actually a replacement of the radiating BSA placed at a distance R from the human model and its properties are calculated from Equation (1) considering transmitted power P t = 20 W/carrier, detail of which is described in available literature [20] . In domain 2, the fictitious plane wave is placed at a distance of r = 25 mm away from the human model and the desired parameters are calculated.
The amplitude of the E field intensity at a distance R from the antenna can be calculated with the following equation [20] :
Similarly, magnitude of H field intensity can also be calculated by the following equation [4] :
where, η 0 = 120π Ω = 377 Ω. 
SAR Calculation
From the converged solutions, the local SAR at (i, j, k)th cell inside the whole body is obtained from the following equation [4] :
where, E is the electric field (V/m), σ = conductivity of the head (S/m) and ρ = mass density of the body tissues (kg/m 3 ).
RESULTS AND DISCUSSION
Variations of S 11 in dB and gain in dBi with frequency for a single dipole antenna and the BSA computed In India, the GSM 900 base station antenna transmits in the frequency range of 935 MHz-960 MHz (base station to handset) providing 124 RF channels (channel numbers 1 to 124) spaced at 200 kHz. The method chosen by GSM is a combination of Time-and Frequency-Division Multiple Access (TDMA/FDMA). The FDMA part involves the division by frequency of (maximum) 25 MHz bandwidth which is divided into twenty sub-bands of 1.2 MHz and is allocated to various operators. There may be several number of carrier frequencies (1 to 5) allotted to one operator with upper limit of 6.2 MHz bandwidth. Each carrier frequency may transmit 10 to 20 W of power. So, one operator may transmit 50 to 100 W of power. There may be 3-4 operators on the same roof top or tower; therefore, total transmitted power may be 200 to 400 W.
Time and frequency domain GSM 900 band downlink spectrum for five carrier frequencies are shown in Figs. 8(a)-(b) . The spikes as shown in Fig. 8(b) are corresponding to the frequencies (carriers) used by the operator.
SAR distributions in dB scale inside the human body model at the mid-saggital and mid-coronal planes for R = 0.5 m due to five carrier are shown in Figs. 9(a)-(b) . From Fig. 9 , it is seen that higher value of SAR is found in the superficial region of the human body model consisting of mainly skin tissue. But lower value of SAR is induced in thoracic and abdominal cavity region of the human body model, major portion of which is filled with air.
Variations of SAR WB with R for multiple numbers of carrier frequencies obtained by hybrid FDTD and SFDTD method are shown in the Fig. 10. From Fig. 10 , it is found that SAR WB obtained by hybrid FDTD method closely matches with that obtained by the SFDTD method. Either due to increase of R or decrease the number of carrier frequencies, SAR WB decreases. For number of carrier frequency equal to five and R = 0.5 m, maximum value of SAR WB obtained by both hybrid FDTD and SFDTD method is found to be 0.69 W/kg which exceeds the occupational exposure safety limit but for R more than 1.5 m, value of SAR WB is below the general public exposure safety limit. From the simulation it is found that the value of safety distance for general public is 1.5 m due to five number of carrier frequencies but it's value decreases with lowering the number of carrier frequencies.
Variations of SAR WB with Time for multiple numbers of carrier frequencies and R = 1.0 m obtained by hybrid FDTD method are shown in Fig. 11 . From Fig. 11 , it is found that after 0. 
CONCLUSION
SAR WB induced within a realistic full human body model based on CT scan data exposed to a BSA at GSM 900 band for R in the range of 0.5 m to 5.0 m has been calculated using hybrid FDTD method and compared that with the results obtained by SFDTD method for multiple number of carrier frequencies. Transmitted power from BSA is equal to 20 W/carrier. In order to investigate the behavior of the EM field in the vicinity of the BSA distance up to 5.0 m, the distributions of the E and H field intensities in free space have been computed using CST Microwave Studio . Value of safety distance for general public from the BSA is found to be 1.5 m due to number of carrier frequencies equal to five, but this value decreases with lowering the number of carrier frequencies. The hybrid FDTD consists of Friis transmission equation and FDTD method. Compared to SFDTD method, hybrid FDTD method drastically reduces the computational complexity resulting in less memory usage and faster execution.
